Parahippocampal cortex (PHc) is known to process spatial information, both in perceptual and episodic memory studies. However, recent theories propose an expanded role for PHc in processing context information in general, whether spatial or nonspatial. The current study used a source memory paradigm to investigate encoding and retrieval of nonspatial context information. Human participants were asked to judge lexical aspects of word stimuli and to retrieve those judgments during a later memory test. Anterior PHc showed significantly greater activation for items associated with correct source judgments than items associated with incorrect source judgments during both encoding and retrieval phases. These findings suggest that the role of PHc in episodic memory cannot be limited to spatial information.
Introduction
Parahippocampal cortex (PHc) is known to process visuospatial information. In particular, PHc is highly active in response to scene stimuli (Epstein et al. 1999; Epstein 2008 ) and buildings (Cate et al. 2011; Bastin et al. 2013 ) when compared with objects. In addition to its role in perceptual processing, PHc provides significant input to the hippocampus and therefore forms part of the medial temporal lobe (MTL) memory system (Squire and Zola-Morgan 1991; Suzuki and Amaral 2004; Eichenbaum 2006) . Given its role in visuospatial perception, the role of PHc in episodic memory is also likely to include visuospatial components. Indeed, PHc has been associated with memory for scenes (e.g., Brewer et al. 1998 ) and spatial locations of objects (e.g., Malkova and Mishkin 2003) . The evidence is overwhelming that PHc plays a role in processing of visuospatial stimuli.
Recent data suggest that PHc activation is also modulated by nonspatial factors. Theorists working in the area of visual perception have proposed that PHc processes both spatial and nonspatial context information (Bar and Aminoff 2003; Aminoff et al. 2013) . In particular, PHc is thought to play a critical role in the contribution of context information to the recognition of an object (Bar 2004; Fenske et al. 2006; Aminoff et al. 2007 ). Several studies have found increased PHc activation during visual processing of objects that are strongly associated with a particular context when compared with objects that are weakly associated with a variety of contexts (Bar and Aminoff 2003; Bar et al. 2008; Epstein and Ward 2010) . Aminoff et al. (2013) have proposed a theory of PHc function that elaborates on the role of contextual associations, both spatial and nonspatial, across many domains of cognition.
Theorists working in the area of episodic memory have proposed that PHc is a key region in recollection-based memory (Eldridge et al. 2000 ; e.g., Dolcos et al. 2005) and in source memory (e.g., Cansino et al. 2002; Davachi et al. 2003) . These 2 categories of findings share in common the retrieval of context information associated with an episode. Recollection is defined as retrieval of details about the study event accompanying memory for an item. Source memory paradigms formalize the measurement of this process by manipulating context information during encoding and then assessing memory for the manipulated context detail(s) during retrieval. In contrast, PHc activation is not typically implicated in familiarity-based memory or retrieval of item information in the absence of context (e.g., Davachi et al. 2003; Uncapher and Rugg 2005) . This pattern of findings has led to the proposal that PHc plays a role in retrieval of episodic context information that extends beyond its role in spatial processing (Diana et al. 2007; Eichenbaum et al. 2007) .
However, such theories of nonspatial context processing in PHc have met with controversy. In the literature on visual perception, PHc is often characterized as "scene-selective cortex" (Baldassano et al. 2015; Bryan et al. 2015; Choo et al. 2015; Korkmaz Hacialihafiz and Bartels 2015; Rafique et al. 2015) . Proponents of spatial processing theories have proposed that findings from recollection and source memory studies might be driven by retrieval of spatial information. In particular, Epstein and Ward (2010) noted that recollection and source memory studies that find PHc activation often use scenes as stimuli or include encoding tasks that focus processing on spatial aspects of the stimuli. If we assume that PHc reflects spatial processing, whether perceptual or mnemonic, we would expect to find PHc activation when comparing a highly spatial condition to a less spatial condition (e.g., scenes vs. objects.) Source memory studies compare correct source retrieval to incorrect source retrieval. Therefore, we must be particularly careful of source memory studies in which correct source retrieval is more associated with spatial processing than incorrect source retrieval. Such situations might include the comparison of 2 encoding tasks in which one is spatial (e.g., size judgments) and one is nonspatial (e.g., pleasantness.) In such situations, correct retrieval of spatial processing in the size judgment condition serves as a diagnostic criterion for memory retrieval. In assessing whether contrasts of source memory reflect spatial processing, we must ask not only whether spatial processing might have occurred (e.g., peripheral processing of the spatial characteristics of the testing space) but whether such processing would differentiate between correct source memory trials and incorrect source memory trials.
A review of source memory studies in the literature identified 16 papers that have found significant activation in PHc associated with correct retrieval of specific context information in at least one contrast. These 16 papers are summarized in Table 1 . All but one of these studies at least tangentially involves spatial processing and therefore cannot differentiate between spatial and nonspatial theories of PHc function. The largest degree of spatial processing occurred in studies that used scenes as stimuli (Kensinger and Schacter 2006; Tendolkar et al. 2008; Duarte et al. 2011) or asked participants to imagine scenes as part of the encoding task (Davachi et al. 2003; Kahn et al. 2004; Staresina et al. 2011 ). Other aspects of source memory studies that might result in a contribution from spatial processing include manipulating screen position of encoded stimuli (Cansino et al. 2002; Ross and Slotnick 2008; Hayama et al. 2012; Yu et al. 2012; Reas and Brewer 2015) , using object images as stimuli (Cansino et al. 2002; Peters et al. 2007; Manelis et al. 2013) , and encoding tasks that require responses about the size of an object (Ranganath et al. 2004; Hayes et al. 2011) . Although these manipulations do not precisely align with spatial functions attributed to PHc they have been cited as reason to doubt nonspatial hypotheses of PHc function (Epstein and Ward 2010) . For these reasons, the aforementioned studies cannot be interpreted as measuring retrieval of purely nonspatial context information.
One prior study of source memory includes minimal spatial or imagery-based processing (Dobbins et al. 2003) . In this study, Dobbins et al. presented word stimuli that were encoded with either a pleasantness or concreteness rating task. Although it is possible that the concreteness rating task might be viewed as encouraging spatial processing, the tasks minimize spatial processing when compared with previous work in the source memory domain. This study did find greater activation in PHc for correct source retrieval than incorrect source retrieval with the peak of the activation falling in the anterior portion of PHc.
It is important to note that a number of studies of source memory do not find PHc activation associated with successful context retrieval, including 11 identified here. Epstein and Ward (2010) raised this issue of inconsistency in PHc findings as one reason to be skeptical of a context processing account of PHc function. However, source memory studies that have not identified PHc activity are also likely to use tasks or stimuli that induce spatial processing, including: scenes as stimuli (Weis et al. 2004; Gold et al. 2006; Mugikura et al. 2010; Leshikar and Duarte 2014) , object images as stimuli (Vilberg and Rugg 2009 ), mental imagery encoding tasks (Takahashi et al. 2002) , or manipulating screen position of encoded stimuli (Rugg et al. 1999; Slotnick et al. 2003; Uncapher et al. 2006; Park et al. 2008; Wong et al. 2013) . None of the studies that failed to find PHc activation in source memory contrasts appear to test primarily nonspatial context information. This suggests that PHc involvement in source memory for spatial context retrieval suffers from some unidentified inconsistency.
The current study was designed to investigate PHc responses to context retrieval in a source memory paradigm that minimized spatial processing and therefore to differentiate between the "purely spatial" and "contextual: both spatial/nonspatial" accounts of PHc function. Stimuli were words with no mental imagery required and the manipulated context details, encoding questions, were not spatial in nature. Each encoding question asked about the lexical representation of the word itself rather than the characteristics of the object represented by the word.
Materials and Methods

Participants
Thirty right-handed members of the Virginia Tech community, 13 male, ages 18-38, participated in the study for monetary compensation. The experiment was undertaken with the understanding and written consent of each participant. Six participants were excluded for excessive motion during the encoding task and an additional 3 participants during the retrieval task. Motion analysis was done prior to statistical analyses using Artifact Detection Tools (ART, www.nitrc.org/projects/artifact_detect/, last accessed January 29, 2016). Encoding analyses have an N of 24 and retrieval analyses an N of 21.
Materials and Procedure
Participants studied lists of words presented with encoding questions. A total of 300 nouns and 300 verbs (number of letters, M = 6.5; Kucera-Francis frequency M = 24) were gathered from the MRC database (Coltheart 1981) . Study and lure words were randomly selected from the list for each participant. Four encoding questions were designed to focus processing on word-level attributes and do not encourage imagery: "Is this a noun or a verb?"; "Is this word by nature bad or good?"; "Does this word sound nice or weird?"; and "Is this word common or uncommon?".
The experiment consisted of 4 study-test cycles. Both study and test sessions were conducted in the MRI scanner. Study lists included 40 words presented for 2 s followed by a 2-s fixation and a variable intertrial interval from zero to 8 s. An abbreviated form of the encoding question was presented on the screen with each word. Button-press responses to the encoding question could be made at any time during the fixation that was presented as the intertrial interval. Participants were told that a memory test would follow each study list. They were asked to try not to use idiosyncratic strategies to remember the words but rather to focus on answering the question given for each word as this was the strategy being assessed in the experiment.
A memory test immediately followed each study list. Test lists consisted of all 40 study words combined with 40 new words *In a separate contrast of source memory.
**Domain-independent analysis. ***PHc effect was specific to scene imagery condition. † PHc effect was specific to scene imagery condition. PRc effect was specific to object imagery condition. ‡ Same study as previous row. † † Univariate and multivariate analyses. † *PHc effect was specific to different-exemplar condition.
randomly selected from the initial pool. On each test trial, participants were asked to identify a word as old or new. Any word identified as old was followed by a source judgment, asking which of the 4 encoding questions was seen with the word. Participants were asked not to guess the encoding question and were told to use the "skip" response if they did not remember the encoding question. Test trial timing was participant-paced with a maximum of 5 s allowed for each response. The trial ended when responses were complete with a variable intertrial interval from 1 to 9 s following the response. The length of each intertrial interval for both study and test trials was determined by an optimization simulation using the optseq2 program (http://surfer.nmr.mgh. harvard.edu/optseq/, last accessed January 29, 2016).
MRI data Collection and Analysis
Data Preprocessing of functional magnetic resonance imaging (fMRI) data was performed using Statistical Parametric Mapping (SPM8) software. Slice-time correction was applied to account for differences in the timing of adjacent slice acquisition. Next, realignment using a 6-parameter, rigid-body transformation was used to correct for movement. The MPRAGE structural image was then coregistered to the mean EPI for each participant. Spatial normalization was conducted using a segmentation-based procedure. First, the unified segmentation tool in SPM8 was used to calculate normalization parameters based on the coregistered MPRAGE. These normalization parameters were applied to the EPI images to transform them into Montreal Neurological Institute (MNI) template space. Finally, the images were spatially smoothed with an 8-mm filter.
Separate GLM analyses of the fMRI data during encoding and retrieval were conducted. Outliers were identified at the individual-subject level using ART with thresholds for global signal intensity (z = 5), translational movement (0.5 mm), and rotational movement (0.005 rad). TRs identified as outliers were modeled as covariates of no interest. Each study trial was modeled as a single TR, indicating the presentation of the word and encoding question, and then convolved with the canonical hemodynamic response function (HRF). Test trials were modeled as the 2 TRs immediately following presentation of the test item and then convolved with the canonical HRF. Analyses of MTL regions used a minimum cluster size of 13 combined with a threshold of P < 0.005 to result in a map-wise false-positive rate of P < 0.05. This cluster threshold was determined via 3dClustSim program in the AFNI software package (Cox 1996) . Whole-brain analyses used an uncorrected threshold of P < 0.001. MTL subregions were identified on the MNI template brain based on anatomical criteria described in previous studies (Insausti et al. 1998; Buffalo et al. 2006) . The anterior limit of PRc was defined beginning 2 mm anterior to the limen insula. The posterior limit of PHc was defined as the posterior limit of the hippocampus. PHc and PRc included the cortex on the parahippocampal gyrus and on the banks of the collateral sulcus. The border between PRc and PHc was defined as the coronal slice containing the posterior limit of the hippocampal head.
Results
Behavioral accuracy and reaction times for both old/new judgments and source memory judgments during the test phase are presented in Table 2 . Item memory accuracy was high, with 83% of old items being correctly recognized and only 4% of new items being incorrectly judged as old. Source memory judgments were correct for 64% of the items correctly judged as old and incorrect for 17% of those trials. Source memory performance was therefore well above the 25% chance level. Participants elected to skip the source judgment for an additional 18% of items given old judgments. There was no significant difference in reaction time during the encoding phase between the 4 encoding questions with means ranging from 1097 to 1175 ms (all P > 0.11). There was also no significant difference in reaction time during the encoding phase for trials later identified as source correct (M = 1149 ms) and those identified as source incorrect (M = 1164 ms, t(20) = 0.37, P = 0.72). The differences in reaction time during the retrieval phase, shown in Table 2 , were statistically significant for both the item memory judgment and the source memory judgment. Item hits were significantly faster than item false alarms (t (20) = 4.17, P < 0.005) and item misses (t (20) = 2.65, P < 0.05). Only item hits were included in the key contrasts of source memory reported below but these hits were further sorted based on the response to the source memory question that followed the item judgment. Source hits were significantly faster than either source misses (t (20) = 5.33, P < 0.001) or source skip responses (t (20) = 3.12, P < 0.01). Reaction times to source miss responses were not significantly different from those to source skip responses (t (20) = 0.43, P = .81).
The first GLM analysis examined encoding trials which were sorted by subsequent memory performance. The trials were categorized as: item miss, source correct (given an item hit), and source incorrect (including both incorrect judgments and trials on which the source judgment was skipped.) That is, brain activation on each encoding trial was assessed based on the eventual outcome of that encoding as measured by behavioral judgments. The contrast of interest compared source correct to source incorrect trials. Table 3 shows the peak areas of significant activation for the source memory contrast. The hypotheses for MTL activation were supported. Significant activation was found for the contrast of source correct greater than incorrect in left PHc (x = −20, y = −24, z = −16), left hippocampus (x = −20, y = −13, z = −16), and right hippocampus (x = 24, y = −17, z = −16). The PHc activation was located in the most anterior portion of PHc with the extent of the cluster ending to the border with PRc (see Fig. 1A ). No significant activation was found in MTL for the contrast of source incorrect when compared with item miss trials. The second GLM analysis examined retrieval trials, again categorized as item miss, source correct, and source incorrect. Therefore, the retrieval analysis also reflects memory performance as measured by behavior. Table 3 shows the peak areas of significant activation during retrieval for the source memory contrast. Significant activation was found for the contrast of source correct greater than source incorrect in right PHc (x = 21, y = −24, z = −16), right hippocampus (x = 27, y = −10, z = −13), and left hippocampus, extending slightly into left PHc (x = −17, y = −7, z = −19). Again, the PHc activation occurred in the most anterior portion of PHc, as seen in Figure 1B . No significant activation was found in MTL for the contrast of source incorrect when compared with item miss trials at retrieval.
Given the large differences in reaction time between the source correct and source incorrect judgments, the findings might be driven by increased cognitive demands in the source incorrect condition. That is, ongoing retrieval attempts in the source incorrect condition might cause both the longer reaction times decreased activation for the source incorrect condition when compared with the source correct condition. In order to assess this alternative account, a supplementary analysis was conducted that controlled for reaction time on each trial as a parametric modulator of the modeled events. This analysis produced a similar pattern of results to the initial retrieval analysis and a nearly identical region of PHc activation in the right hemisphere. A second supplementary analysis was conducted to equate reaction times between the source correct and incorrect conditions. In this analysis, trials with reaction times greater than 1 SD above the mean in the source incorrect condition and trials with reaction times less than one standard deviation below the mean in the source correct condition were excluded from the GLM analysis. All other aspects of the GLM were the same as those reported in the previous paragraph. The resulting data set include 87% of trials from the original analysis but equated reaction times in the source correct (M = 2135 ms) and source incorrect (M = 2127) conditions (t (20) = .06, P = 0.96). The results from this analysis were less robust than those in the full analysis reported above but nonetheless showed the key finding of right PHc activation (x = 21, y = −24, z = −16). Timecourses extracted from the independent left PHc mask (based on the encoding PHc finding) were nearly identical to the analysis reported above. Timecourses extracted from the right PHc mask (based on the retrieval PHc finding reported above) were in the correct direction but demonstrated a smaller effect.
The finding of hemispheric differences for encoding and retrieval was unexpected. To further investigate these findings, a mask of the significant PHc activation at encoding was applied to a β extraction analysis for the retrieval data, and a mask of the significant PHc activation at retrieval was applied to a β extraction analysis for the encoding data. In addition, finite impulse response (FIR) timecourses were extracted from both the encoding and retrieval analyses based on masks drawn of the PHc activation from the independent data set (Dale 1999; Ollinger et al. 2001) . That is, encoding timecourses were extracted from the right PHc region identified in the retrieval GLM whereas retrieval timecourses were extracted from the left PHc region Table 3 Peaks of significant activation for encoding subsequent source memory analyses and retrieval source memory analyses at threshold of P < 0.001 for whole-brain and P < 0.005, cluster > 13 for MTL Figure 2 . Results indicated significantly greater activation for the contrast of source correct versus incorrect during retrieval in the left PHc cluster identified at encoding, t (21) = 2.37, P = 0.03. However, there was no significant difference in activation for source correct versus incorrect during encoding in the right PHc cluster identified at retrieval, t (23) = 1.23, P = 0.23. The timecourses in Figure 2 do indicate a numerical divergence between activation for source correct and incorrect in right and left PHc at encoding and retrieval, respectively. In fact, timecourses based on the left PHc mask during encoding and the right PHc mask during retrieval show a nearly identical pattern to the timecourses in Figure 2 . Finally, these timecourses were used to calculate correlations between behavioral performance and participant brain activation (source correct vs. incorrect) during encoding, which was positive but not statistically significant (r = 0.22, t (21) = 0.98, P = 0.17), and retrieval, which was both positive and statistically significant (r = 0.40, t (21) = 1.90, P < 0.05). This suggests that the lateralization of effects in the current study is a small quantitative difference rather than a qualitative difference.
Discussion
This experiment manipulated verbal, nonspatial context information in an investigation of the role of PHc in memory for context. Participants were asked to make judgments about the properties of words and later tested on their memory for the encoding judgment in a source memory task. As predicted by "context processing" theories of PHc function, PHc activity was greater during both encoding and retrieval of words whose accompanying context information was successfully retrieved. According to the Binding of Item and Context theory of MTL function, PHc processes both spatial and nonspatial context information that is bound with each item by the hippocampus. Therefore the finding of hippocampal activity in addition to PHc activity for correct source retrieval is consistent with this theoretical perspective. The least spatially oriented source memory study in the literature up to this point was conducted by Dobbins et al. (2003) who also compared memory for encoding tasks: pleasantness and concreteness. Interestingly, the peak activation of the left PHc region identified by the source memory contrast in the Dobbins study falls within the anterior portion of PHc and, in fact, overlaps with the activated region identified in the encoding analysis for the current study. The location of this activation in anterior PHc is consistent with the proposal that nonspatial context is processed in more anterior regions of PHc whereas spatial context is processed in posterior regions of PHc (Bar and Aminoff 2003; Aminoff et al. 2007) .
It is important to note that the current study does not assess the role of PHc in spatial processing. Theories proposing that PHc processes contextual information also typically include spatial processing within the realm of PHc function (Bar and Aminoff 2003; Diana et al. 2007) . Given the existing evidence that PHc is particularly activated by spatial stimuli such as scenes (see Epstein and Kanwisher 1998; Epstein et al. 1999 ), the current findings should be viewed as an expansion of PHc function rather than a replacement of spatial theories.
PHc involvement in nonspatial context processing in the episodic memory literature is consistent with findings from the perceptual domain that demonstrate a role for PHc in processing of objects with strong contextual associations (Bar and Aminoff 2003; Aminoff et al. 2007; Bar et al. 2008) . These experiments compare object images that are strongly associated with specific context information (e.g., roulette wheel) with those that are not associated with a particular context (e.g., a chair). These effects have been further investigated using stimuli that were not likely to induce retrieval of an imagined scene. Such high context/nonspatial stimuli produce activation in anterior PHc, whereas high context/spatial stimuli produce activation in posterior PHc (Bar and Aminoff 2003; Aminoff et al. 2007 ). The current results converge with these findings to suggest that PHc processes context information of both a spatial and nonspatial nature. In addition, the findings suggest that a posterior-anterior gradient may exist in PHc that ranges from more spatial to less spatial (Staresina et al. 2011) .
The current findings complement previous findings in the episodic memory literature. This study demonstrates PHc activation during both nonspatial context encoding and explicit nonspatial context retrieval. Recent studies also identify PHc involvement in nonspatial context reinstatement, even when that reinstatement is implicit (Diana et al. 2013; Flegal et al. 2014) . This suggests that the role of PHc in episodic context processing is not due to effortful retrieval but rather activation of an encoded contextual representation. Such reactivations may form the basis for elaboration of an event and may also play a role in false memory . Future studies could investigate whether PHc activation is modulated by the amount of contextual information that is retrieved or reinstated.
In summary, the current study is the first to examine MTL activity associated with source memory in the absence of spatial processing at either the stimulus level or the context level. Any spatial characteristics of the task were equivalent across all trials, both encoding and retrieval, such that spatial information was not diagnostic for source memory retrieval. Therefore the finding of PHc activation in the contrast of source correct trials with source incorrect trials does not reflect retrieval of spatial context or intrusion of other spatial information. The findings support the claim that PHc is involved in encoding and retrieval of context information in general, rather than purely spatial information.
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